Assessment of Myocardial Ischemic Memory Using Speckle Tracking Echocardiography  by Asanuma, Toshihiko et al.
J A C C : C A R D I O V A S C U L A R I M A G I N G V O L . 5 , N O . 1 , 2 0 1 2
© 2 0 1 2 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N I S S N 1 9 3 6 - 8 7 8 X / $ 3 6 . 0 0
P U B L I S H E D B Y E L S E V I E R I N C . D O I : 1 0 . 1 0 1 6 / j . j c m g . 2 0 1 1 . 0 9 . 0 1 9Assessment of Myocardial Ischemic Memory
Using Speckle Tracking Echocardiography
Toshihiko Asanuma, MD, PHD, Yumi Fukuta, MSC, Kasumi Masuda, PHD,
Ayana Hioki, BSC, Mariko Iwasaki, MSC, Satoshi Nakatani, MD, PHD
Osaka, Japan
O B J E C T I V E S The aim of this study was to evaluate which regional myocardial parameters derived
from speckle tracking echocardiography could demonstrate myocardial ischemic memory in a brief
ischemia-reperfusion dog model.
B A C KG ROUND Myocardial ischemic memory imaging, denoting the visualization of abnormalities
provoked by ischemia and sustained even after restoration of perfusion, can convey important clinical
information. We previously reported that post-systolic shortening (PSS) remains in the risk area after
recovery from brief ischemia. However, it is still unclear whether abnormalities in other regional
deformation parameters persist after relief from brief ischemia.
METHOD S Echocardiographic data were chronologically acquired from 11 dogs during 2 min of
coronary occlusion followed by reperfusion. Regional systolic and diastolic deformation parameters,
including parameters related to PSS, were measured from radial and circumferential strain and from
strain rate analyzed in the risk and normal areas. Strain imaging diastolic index (SI-DI), which had been
proposed as a parameter for assessing ischemic memory, was also calculated.
R E S U L T S Peak systolic strain, end-systolic strain, and peak systolic strain rate decreased in the risk
area during occlusion but recovered to the baseline level immediately after reperfusion. Strain rate
during early diastole decreased during occlusion; however, the decrease did not persist after reperfusion.
Post-systolic strain index (PSI) and time-to-peak strain index, which are parameters of PSS, increased
during occlusion. These increases persisted until 10 to 20 min after reperfusion (circumferential PSI: 0.02 
0.04 [baseline] vs. 0.08  0.04 [20 min], p  0.05). SI-DI did not show a signiﬁcant change during
occlusion because of a large variation.
CONC L U S I O N S Although abnormalities of PSS-related parameters alone persisted after recovery
from 2-min occlusion, abnormalities of other deformation parameters, such as strain rate during early
diastole, did not. These data suggest that assessment of PSS by speckle tracking echocardiography is
useful for detecting myocardial ischemic memory. (J Am Coll Cardiol Img 2012;5:1–11) © 2012 by the
American College of Cardiology Foundation
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2cute chest pain often resolves before a patient
can present to the hospital for further eval-
uation, which makes it difficult to accu-
rately determine whether the chest pain
was due to myocardial ischemia. Stress testing can
be used to provoke myocardial ischemia in such
cases, but this testing is difficult to perform in
unstable patients. In such situations, imaging tech-
nology with the capabilities to detect recent myo-
cardial ischemia (i.e., ischemic memory) would be
of tremendous utility.
See page 12
Post-systolic shortening (PSS) is myocardial con-
traction that occurs after end-systole and is a
sensitive marker of myocardial ischemia
(1–3). PSS can be easily identified by
tissue Doppler and speckle tracking echo-
cardiography. In a previous study using a
dog model with brief ischemia, we re-
ported that PSS persists even after a rapid
recovery in systolic strain abnormalities and
that assessment of PSS is useful for detec-
tion of myocardial ischemic memory (4).
Meanwhile, Ishii et al. (5) evaluated the
strain imaging diastolic index (SI-DI),
calculated from changes in myocardial
strain from end-systole to the first one-
third of diastole, before and after percuta-
neous coronary intervention and showed
that the abnormality of SI-DI in the risk
area was still present 24 h after interven-
tion. From this result, they concluded that
regional diastolic dysfunction persisted af-
ter intervention, and they called this phe-
nomenon “diastolic stunning.”
However, the transition point from contraction
o relaxation in regional myocardium is not always
onsistent with that from systole to diastole in
lobal left ventricular (LV) function, which is de-
ned hemodynamically. Especially in the myocar-
ium with PSS, because the regional transition
oint is delayed after global end-systole, the begin-
ing of regional relaxation may be during the first
ne-third of diastole or after that. This implies that
lthough SI-DI is a diastolic parameter, it may not
eflect regional relaxation in the myocardium with
SS. A different parameter, such as strain rate
uring early diastole (SRe), which reflects regional
relaxation after the end of PSS, should be assessed
to clarify this issue, but it is still unclear whether
ex
ng
teregional deformation parameters other than PSScan convey ischemic memory after brief ischemia.
We therefore evaluated whether abnormalities of
regional systolic and diastolic deformation parame-
ters, including SRe, derived from speckle tracking
chocardiography persist after relief from brief
yocardial ischemia.
METHODS
Animal preparation. All animal studies were per-
formed in accordance with guidelines for the care
and use of laboratory animals at our institution. A
total of 11 open-chest mongrel dogs (14.6  1.0
kg) were used. Dogs were anesthetized using intra-
venous pentobarbital sodium (35 mg/kg), intu-
bated, and ventilated with room air using a respi-
rator pump. Anesthesia with pentobarbital sodium
was maintained throughout the experiment (6.8 to
9.0 mg/kg/h). The electrocardiogram was moni-
tored continuously, and LV pressure was measured
by a 5-F micromanometer (Millar Instruments,
Houston, Texas). The heart was suspended in a
pericardial cradle through a left lateral thoracotomy
in the right recumbent position. The proximal
portion of the left circumflex coronary artery (LCX)
was dissected free from surrounding tissues, and a
vascular occluder was placed there. A perivascular
ultrasonic flow probe (Transonic Systems, Ithaca,
New York) was set at the distal site of the occluder
and connected to a digital flow meter.
Echocardiography. Echocardiography for the speckle
racking analysis was performed using an Aplio ultra-
ound system with a PST-50AT transducer (Toshiba,
tawara, Japan). The transmitting and receiving fre-
uency was set at 5.0MHz, and the frame rate was set
t 118 frames/s. The LV short-axis view at the
apillary muscle was visualized with a water bath as a
tandoff, and the position of the transducer was fixed
y a mechanical arm. Two-dimensional images were
igitally captured over 3 consecutive cardiac cycles in
ach data acquisition.
Experimental protocol. Because ischemic memory
after 15 and 5 min of coronary occlusion has been
tested in the previous study (4), we assessed isch-
emic memory after a briefer duration of occlusion in
the present study. The LCX was thus occluded for
2 min, followed by reperfusion for 60 min. Before
LCX occlusion, heparin (100 U/kg) and lidocaine
(2 mg/kg) were intravenously administrated to pre-
vent coronary thromboembolism and ventricular
arrhythmia. LCX occlusion and reperfusion was
confirmed by flow measurement. Echocardio-A B B R E V I A T I O N S
A N D A C R O N YM S
dP/dtminminimum time
erivative of left ventricular
ressure
CX left circumflex
oronary artery
V left ventricular
CEmyocardial contrast
chocardiography
SI post-systolic strain ind
SS post-systolic shorteni
I-DI strain imaging
iastolic index
Ra strain rate during
atrial contraction
SRe strain rate during
early diastolegraphic data for the speckle tracking analysis were
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3acquired at baseline, at the end of occlusion, and at
10, 20, 30, and 60 min after the onset of reperfu-
sion. LV pressure was recorded at the same time as
the acquisition of the echocardiographic data. LV
systolic pressure, LV end-diastolic pressure, maxi-
mum and minimum time derivatives of LV pressure
(dP/dtmax, dP/dtmin), and time constant of LV
ressure decay during isovolumic relaxation period
) were averaged from 5 consecutive cardiac cycles.
At the end of the protocol, real-time myocardial
contrast echocardiography (MCE) was performed
during transient LCX occlusion to confirm the size
and location of ischemic risk area, as previously
described (4). The size of the risk area was calcu-
lated from the percentage of the area of contrast
defect to whole LV area on the image.
Data analysis. The speckle tracking analysis was
performed by offline software (Toshiba, Otawara,
Japan) (6). The endocardial border, excluding pap-
illary muscles, was visually identified, and a contour
was manually traced on an end-systolic frame. The
epicardial border was determined by setting an even
width of myocardium. In the data obtained during
LCX occlusion, the epicardial border was also
traced manually because the end-systolic thickness
of ischemic myocardium is markedly thinner than
that of nonischemic myocardium. Afterward, endo-
cardial and epicardial borders were automatically
tracked for all frames in the clip. Myocardium in
the short axis was automatically divided into 6
segments. Myocardial strain and strain rate profiles
were analyzed in a segment within the risk area
derived from MCE and in an opposite segment
within the normal area. End-diastole was defined at
peak R-wave of the electrocardiogram, and end-
systole was defined at the timing of LV dP/dtmin
(7). The reference point (i.e., zero strain) was set at
end-diastole.
Radial and circumferential strain and strain rate
parameters were calculated from 3 consecutive car-
diac cycles and averaged (Fig. 1). With this soft-
ware, values of radial strain and strain rate were
calculated from the endocardial and epicardial
tracking points (i.e., transmural strain), and those of
circumferential strain and strain rate were calculated
from only the endocardial tracking points. Strain
values were color coded and displayed on whole
myocardium in radial strain and on the inner half of
myocardium in circumferential strain. Peak systolic
strain, end-systolic strain, and peak systolic strain
rate (SRs) were measured as parameters of re-
ional systolic function, and SRe and strain rate
uring atrial contraction (SRa) were measured as pparameters of regional diastolic function. SRe was
efined as a peak strain rate in the direction of
yocardial lengthening (i.e., negative peak in
adial SRe and positive peak in circumferential
Re) between end-systole and the beginning of
atrial contraction.
When PSS was observed in the strain profile,
post-systolic strain, which is peak strain after end-
systole, was measured. The post-systolic strain in-
dex (PSI) was calculated from a ratio, ([post-systolic
strain]  [end-systolic strain])/(maximum strain
change during the cardiac cycle), as a parameter of
PSS. Time-to-peak strain, which is the time from
the R-wave to the peak strain during the cardiac
cycle, was also measured, and time-to-peak strain
index was calculated from a ratio, (time-to-peak
strain)/(R-R interval duration), as another param-
eter of PSS.
Systolic stretch, which is passive wall motion
induced by an increase of LV pressure, occurs in
myocardium with delayed or impaired contraction
(8). Because delayed contraction is often observed
in the ischemic myocardium, it was analyzed as a
parameter other than PSS. Systolic stretch was
calculated from a ratio: (peak extension strain dur-
ing systole)/(maximum strain change during sys-
tole). In accordance with the method of Ishii et al.
(5), SI-DI was calculated from a ratio: ([end-
systolic strain]  [first one-third strain value of
diastolic duration])/(end-systolic strain).
One image clip was randomly selected from each
dog, and a total of 11 clips were used to assess
interobserver and intraobserver variability for radial
and circumferential peak systolic strain, SRe, and
SI.
Statistical analysis. Data are expressed as mean 
SD. Multiple comparisons in each hemodynamic
parameter were performed by 1-way analysis of
variance with the Dunnett post hoc test. Because of
heterogeneity of variance, multiple comparisons in
each deformation parameter were made against
values at baseline by 1-way repeated measures
analysis of variance with the Bonferroni post hoc
test (using nonpooled error terms) in the risk and
normal areas separately. Interobserver and intraob-
server variability was determined by Bland-Altman
analysis. Values of p  0.05 were considered to
represent statistical significance.
RE SULTS
Hemodynamics and risk area size. LV end-diastolic
ressure was significantly higher during LCX oc-
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4clusion than at baseline. LV systolic pressure and
dP/dtmin tended to decrease and  tended to be
rolonged during occlusion relative to baseline.
owever, these parameters recovered to baseline
evels by 10 min after reperfusion (Table 1). The
ize of the risk area derived from MCE was 31.5 
.9%.
Strain and strain rate proﬁles. Circumferential strain
nd strain rate profiles in the risk and normal areas
Figure 1. Speckle Tracking Echocardiography
(A) Myocardium in the short axis was automatically divided into 6 s
in the risk and normal areas. (B) Peak systolic strain (s) and end-sy
early diastole (SRe), and strain rate during atrial contraction (SRa). (D
was calculated from a ratio: (post-systolic strain [post]  es)/(maxi
strain index was calculated from a ratio: (time-to-peak strain)/(R-R in
(SI-DI). Systolic stretch was calculated from a ratio: (peak extension
[s-max]). SI-DI was calculated from a ratio: (es  ﬁrst one-third stra
stolic duration; ES  end-systole.re shown in Figure 2. In the strain profiles, systolic rtretch and PSS were demonstrated in the risk area
uring LCX occlusion. Although systolic strain
ecovered to the baseline level by 10 min after
eperfusion, PSS persisted until 30 min after
eperfusion.
In the strain rate profiles, SRs and SRe decreased
n the risk area during occlusion; however, the
ecrease did not persist after reperfusion. In partic-
lar, SRe increased beyond baseline levels early after
ents, and myocardial strain and strain rate proﬁles were analyzed
c strain (es). (C) Peak systolic strain rate (SRs), strain rate during
ost-systolic strain index (PSI) and time-to-peak strain index. PSI
strain change during the cardiac cycle [max]). Time-to-peak
al duration). (E) Systolic stretch and strain imaging diastolic index
in during systole [stretch])/(maximum strain change during systole
alue of diastolic duration [1/3DD])/es. 1/3DD  ﬁrst one-third dia-egm
stoli
) P
mum
terv
stra
in veperfusion.
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inim tery; LV  left ventricular.
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5Peak systolic strain and end-systolic strain. Radial
peak systolic strain significantly decreased in the
risk area and increased in the normal area during
occlusion but recovered to baseline levels by 10 min
after reperfusion. Circumferential peak systolic
strain significantly decreased in the risk area and
tended to increase in the normal area but also
recovered to baseline after reperfusion. Radial and
circumferential end-systolic strain showed results sim-
ilar to those seen with peak systolic strain (Fig. 3).
SRs, SRe, and SRa. Radial SRs tended to decrease,
and circumferential SRs significantly decreased in
he risk area during occlusion, but these values
ecovered to baseline levels by 10 min after
eperfusion.
Table 1. Hemodynamics
Baseline End o
LCX ﬂow, ml/min 16 4
Heart rate, beats/min 126.1 18.1 12
LV systolic pressure, mm Hg 102.3 15.2 9
LV end-diastolic pressure, mm Hg 7.4 2.3 1
dP/dtmax, mm Hg/s 1,514 290 1,4
dP/dtmin, mm Hg/s 1,974 487 1,4
, ms 34.9 6.7 4
 is the time constant of left ventricular pressure decay during isovolumic rela
dP/dtmax  maximum time derivative of left ventricular pressure; dP/dtmin  m
Figure 2. Strain and Strain Rate Proﬁles
(Top panels) End-systolic circumferential strain is color coded in th
area (yellow arrowheads) during coronary occlusion, indicating tha
strain proﬁles in the risk area (orange line) and the normal area (b
area during occlusion. Although systolic strain recovered to the bas
after reperfusion (red arrows). (Bottom panels) circumferential stra
(blue line). SRe (pink arrows) decreased in the risk area during occ
is indicated by the red dotted line. Abbreviations as in Figure 1.SRe and SRa were analyzed in 9 of 11 dogs
because the values could not be separately delin-
eated in 2 of the dogs. Radial and circumferential
SRe significantly decreased in the risk area during
occlusion but recovered after reperfusion. At 10
min after reperfusion, radial and circumferential
SRe significantly increased beyond the baseline
evels. Radial and circumferential SRa did not
hange significantly in the risk and normal areas
Fig. 4).
PSI and time-to-peak strain index. In radial and cir-
cumferential strain, PSI significantly increased in
the risk area during occlusion. The significant
increase of radial PSI persisted until 10 min after
reperfusion, and the significant increase of circum-
clusion
Reperfusion, min
10 20 30
0* 16 5 16 5 16 5
21.1 127.6 18.9 127.4 18.1 125.5 18.
16.4 105.9 14.1 103.6 14.1 103.7 14.
1.5* 6.7 1.7 6.7 1.8 6.6 1.9
356 1,678 283 1,647 270 1,639 253
509 2,101 564 2,097 560 2,142 565
14.6 34.9 7.2 33.8 6.5 33.3 6.9
n period. *p  0.05 versus baseline.
um time derivative of left ventricular pressure; LCX  left circumﬂex coronary ar
er half of the myocardium. Orange color disappeared in the risk
d-systolic strain was near zero. (Middle panels) circumferential
line). Post-systolic shortening (PSS) was demonstrated in the risk
e level by 10 min after reperfusion, PSS persisted until 30 min
te proﬁles in the risk area (orange line) and the normal area
n, but this decrease did not persist after reperfusion. End-systolef Oc 60
0 16 4
7.7 4 126.2 19.4
1.1 3 104.1 17.0
0.5 6.5 2.0
72 1,721 278
91 2,184 651
1.5 32.3 6.6
xatioe inn
t en
lue
elin
in ra
lusio
ar
eline
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6ferential PSI continued until 20 min after reperfu-
sion. Radial and circumferential PSI tended to be
higher than baseline levels, even 30 min after
reperfusion.
In radial and circumferential strain, time-to-peak
strain index as well as PSI significantly increased in
the risk area during occlusion. The significant
increase of time-to-peak strain index persisted until
10 min after reperfusion in circumferential strain.
Time-to-peak strain index also tended to be higher
than baseline levels, even 30 min after reperfusion
(Fig. 5).
Systolic stretch and SI-DI. Radial and circumferen-
tial systolic stretch significantly increased in the
risk area during occlusion but recovered to base-
line levels by 10 min after reperfusion. In radial
and circumferential strain, SI-DI changed in the
risk area during occlusion, but this change did
not reach the level of statistical significance
because of a large standard deviation during
occlusion. Radial and circumferential SI-DI
tended to decrease in the risk area at 10 min after
reperfusion when compared with baseline, but
this difference did not reach the level of statistical
significance. On the contrary, radial and circum-
ferential SI-DI significantly increased in the
normal area during occlusion and at 10 min after
Figure 3. Peak Systolic Strain and End-Systolic Strain
In radial and circumferential strain, peak systolic and end-systolic st
recovered to baseline levels after reperfusion. *p  0.05 versus basreperfusion (Fig. 6).Interobserver and intraobserver variability. Interob-
server and intraobserver variability for radial and
circumferential peak systolic strain, SRe, and PSI
re shown in Table 2. The limits of agreement in
the radial direction tended to be larger than those in
the circumferential direction.
D I SCUS S ION
In this study, chronological changes of regional
systolic and diastolic deformation parameters de-
rived from speckle tracking echocardiography were
evaluated in a 2-min coronary occlusion-
reperfusion model. With this brief ischemia, not
only systolic parameters such as peak systolic strain,
end-systolic strain, and SRs, but also diastolic pa-
ameters such as SRe and SRa did not demonstrate
ischemic memory. By contrast, we found that the
PSS-related parameters PSI and time-to-peak
strain index are effective parameters for assessing
ischemic memory. Because SI-DI did not signifi-
cantly change during occlusion and after reperfu-
sion, our data suggest that it is not a proper
parameter for ischemic memory.
Evaluation of ischemic memory by echocardiogra-
phy. The ability to detect myocardial abnormal-
ities that persists after the resolution of ischemic
signiﬁcantly decreased in the risk area during occlusion but
.rainchest pain would be invaluable in the clinical
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7setting. It has been reported that the suppression
of fatty acid metabolism due to myocardial isch-
emia persists after relief from ischemia (9–11).
Using cardiac single-photon emission computed
tomography with -methyl-p-[123I]-iodophenyl-
entadecanoic acid, Dilsizian et al. (10) detected
bnormal fatty acid metabolism 30 h after stress
esting, and they concluded that the metabolic
maging could be used for detecting recent isch-
mic insults. This is a promising method for
schemic memory imaging but must be performed
n a radiation-controlled area. By contrast, isch-
mic memory imaging by echocardiographic
echniques would have greater utility in the
linical setting and could even facilitate bedside
xamination.
PSS is a sensitive marker of myocardial isch-
mia, and the diagnostic accuracy of PSS for
etecting ischemia is superior to that of systolic
train parameters (2). Moreover, assessment of
Figure 4. SRs, SRe, and SRa
In circumferential strain, SRs signiﬁcantly decreased in the risk area
SRe signiﬁcantly decreased in the risk area during occlusion but als
cantly increased beyond the baseline levels. *p  0.05 versus baselSS allows assessment of ischemic memory be- fause PSI persists after relief from brief ischemia
espite a rapid recovery of systolic strain (4).
owever, prior to the present study, it was
nclear whether abnormalities of deformation
arameters other than PSI could demonstrate
schemic memory after such brief ischemia.
Systolic parameters after brief ischemia-reperfusion.
In the present study, LV systolic pressure tended to
decrease during LCX occlusion but recovered to the
baseline level after reperfusion. Regional systolic
parameters, peak systolic strain, end-systolic strain,
and SRs, decreased during occlusion but also recov-
red after reperfusion.
When severe ischemia occurs in a transient
ashion, myocardial systolic dysfunction can per-
ist despite normalization of blood flow; this
henomenon is known as “myocardial stunning.”
n myocardial stunning, the functional, biochem-
cal, and microstructural abnormalities that occur
ollowing ischemia are reversible, and contractile
recovered after reperfusion. In radial and circumferential strain,
covered after reperfusion. At 10 min after reperfusion, SRe signiﬁ-
Abbreviations as in Figure 1.but
o reorce is gradually restored (12). Systolic dysfunc-
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8tion in myocardial stunning can thus be used as a
measure of ischemic memory. However, in the
present study, abnormalities of the systolic pa-
rameters did not persist after reperfusion because
the occlusion time was relatively short. This
result suggests that these systolic parameters are
not adequate measures of ischemic memory fol-
lowing such brief ischemia.
Diastolic parameters after brief ischemia-reperfusion.
Regional systolic dysfunction and regional diastolic
dysfunction both occur during ischemia. Animal
and clinical studies using tissue Doppler echocardi-
ography have revealed that SRe decreases in the risk
rea during ischemia induced by coronary occlusion
13,14). However, whether abnormalities of re-
ional diastolic parameters persist after brief isch-
mia has not been fully investigated.
In the present study, LV end-diastolic pressure
ncreased during occlusion, dP/dtmin tended to
decrease, and  tended to be prolonged. However,
these global diastolic parameters recovered to
baseline levels after reperfusion. Further, the
regional diastolic parameter, SRe, decreased dur-
ng occlusion but increased beyond the baseline
evel early after reperfusion. This result suggests
hat SRe does not convey ischemic memory fol-
Figure 5. PSI and Time-to-Peak Strain Index
In radial and circumferential strain, PSI signiﬁcantly increased in the
sisted until 10 to 20 min after reperfusion. Time-to-peak strain inde
niﬁcant increase in time-to-peak strain index persisted until 10 min
Abbreviations as in Figure 1.lowing brief ischemia as well as systolic parame- iters. The reason for the increase of SRe early after
reperfusion may be due to the persistence of PSS.
As shown in Figure 2, the slope of strain profiles
after PSS became steeper, resulting in increased
SRe. Because regional relaxation in the myocar-
dium with PSS occurs mostly after isovolumic
relaxation, it seems to be influenced by a tether-
ing effect of the surrounding nonischemic myo-
cardium.
PSS-related parameters, systolic stretch, and SI-DI. PSI
nd time-to-peak strain index significantly in-
reased in the risk area until about 10 to 20 min
fter reperfusion. These results are consistent with
ur previous study (4) and suggest that PSS-related
arameters can convey ischemic memory after such
rief ischemia. In our results, ischemic memory of
SS-related parameters persisted longer in circum-
erential than radial strain. Smaller standard devia-
ions of values in circumferential strain seem to be
ne of the reasons. Moreover, circumferential strain
s derived from only the endocardial tracking points
n the software we used. This may be another
eason of longer ischemic memory in circumferen-
ial strain because subendocardial myocardium is
reatly affected by ischemia than subepicardial myo-
ardium. Although we used time-to-peak strain
area during occlusion, and the signiﬁcant increase in PSI per-
niﬁcantly increased in the risk area during occlusion, and the sig-
r reperfusion in circumferential strain. *p  0.05 versus baseline.risk
x sig
aftendex in the present study, time to zero-crossing in
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9strain rate (15) would be also useful for detecting
ischemic memory.
The mechanism underlying PSS remains un-
clear. Animal experiments conducted by Skulstad
et al. (7) suggested that PSS was due to passive
recoil and active contraction, and these investi-
gators concluded that PSS in dyskinetic segments
was due to passive recoil, whereas PSS in hypo-
kinetic and akinetic segments was related to
active contraction. Meanwhile, Claus et al. (16)
suggested that PSS developed as an attempt to
restore differences in end-systolic myocardial
thickness between the ischemic area and the
adjacent nonischemic area. In any case, these
results indicate that PSS reflects systolic dysfunc-
tion more than diastolic dysfunction. Although
systolic stretch is often observed in the ischemic
myocardium, it did not convey ischemic memory
in the present study.
Figure 6. Systolic Stretch and SI-DI
Systolic stretch signiﬁcantly increased in the risk area during occlus
during occlusion, but this difference did not reach the level of stati
baseline. Abbreviations as in Figure 1.
Table 2. Mean Difference and Limits of Agreement (1.96 SD)
Radial
Peak Systolic Strain % SRe/s
Interobserver 0.61 7.96 0.32 1.09 0.04
Intraobserver 0.29 7.52 0.09 0.38 0.01PSI  post-systolic strain index; SRe  strain rate during early diastole.Ishii et al. (5) showed that abnormalities in
SI-DI persisted after coronary intervention, and
they termed this prolonged dysfunction “diastolic
stunning.” SI-DI indicates the strain change during
the first one-third of diastole. Theoretically, its
value should reflect PSS and be able to demonstrate
ischemic memory. However, unlike PSI, SI-DI did
not show a significant change during occlusion and
after reperfusion in the present study. This reason
seems to be a large variation of SI-DI during
occlusion. Division by end-systolic strain is needed
in the calculation of SI-DI. Because end-systolic
strain approaches zero in the risk area during
occlusion, SI-DI was prone to vary widely in this
time frame.
Actually, SI-DI tended to decrease in the risk
area at 10 min after reperfusion when compared
with that at baseline; however, the decrease did
not reach the level of statistical significance.
but recovered after reperfusion. SI-DI changed in the risk area
l signiﬁcance due to a large standard deviation. *p  0.05 versus
terobserver and Intraobserver Variability
Circumferential
Peak Systolic Strain % SRe/s PSI
.17 0.20 3.08 0.03 0.26 0.01 0.07
.07 0.06 2.16 0.01 0.37 0.01 0.04ion
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10When the data during occlusion in our experi-
ment were excluded from the analysis, circumfer-
ential SI-DI significantly decreased in the risk
area at 10 min after reperfusion compared with
the baseline. Although this result suggests that
SI-DI has the capability to demonstrate ischemic
memory, the reason of the decreased SI-DI
values seems to be due to large PSS at 10 min
after reperfusion. The assessment during the first
one-third of diastole may not be appropriate for
evaluating regional relaxation.
Although decreased SI-DI values persisted
24 h after intervention in the report by Ishii et al.
(5), these values almost completely recovered to
the baseline level by 30 min after reperfusion in
the present study. In the results of Ishii et al. (5),
not only SI-DI, but also end-systolic strain,
continued to decrease even 24 h after reperfusion
(i.e., systolic stunning). This result suggests that
the ischemic insults of myocardium in their study
were unexpectedly severe despite brief occlusion.
The cause of the systolic stunning after the brief
occlusion is unknown. However, microvascular
and myocardial damage incidental to coronary
intervention such as distal emboli by the athero-
sclerotic plaque may be 1 of the reasons in the
clinical setting.
In the normal area, radial and circumferential
SI-DI significantly increased during occlusion and
at 10 min after reperfusion. Lucats et al. (17) have
reported that regional relaxation in the normal area
is accelerated when PSS is induced in the risk area.
This phenomenon seems to be related to the
increase of SI-DI in the normal area. The reason is
unclear but may be due to compensatory hyperki-
netic motion.
Interobserver and intraobserver variability. In a prior
eport, interobserver and intraobserver limits of
greement of longitudinal strain measurements
y speckle tracking echocardiography were 6.4%
nd 6.0%, respectively, in the animal study and
8.6% and 5.2%, respectively, in the clinical
tudy (18). The limits of agreement in our data
eem to be consistent with this result.
Study limitations. Because only the LV short axis
as evaluated in the present study, strain and strain
ate parameters were analyzed in the radial and
ircumferential directions but could not be analyzed
n the longitudinal and transverse directions. The
act that only the LCX territory was examined isAlthough PSS persisted for about 20 min after
rief ischemia-reperfusion, this duration may be
oo short for ischemic memory imaging. We
ssessed ischemic memory after 2-min occlusion
n the present study. However, because the du-
ation of ischemic memory changes with coronary
cclusion duration and severity, this phenomenon
ould likely be of longer duration in more severe
ases of ischemia (4).
The reason why only PSS-related parameters
ersisted after brief ischemia is unclear. The
ersistency of PSS may reflect subtle systolic
tunning that cannot be detected by conventional
ystolic parameters, and a reversible metabolic
isorder (9 –11) may be one possible mechanism
f this phenomenon, but further investigation is
ecessary.
Clinical implications. Stress echocardiography of-
fers better diagnostic accuracy for detecting myo-
cardial ischemia but is difficult to perform on
unstable patients. Because the assessment of PSS
by speckle tracking echocardiography can be
performed in a wider variety of clinical scenarios,
we believe that this method would be suitable for
ischemic memory imaging.
PSS is a sensitive indicator of myocardial
ischemia but can also be observed in normal
myocardium (19,20), which may complicate the
determination of ischemic memory. However,
serial examinations, with repeat examination 10
to 20 min later, may help detect acute chrono-
logical changes in PSS that would indicate the
presence of ischemia rather than normal myocar-
dium.
CONCLUS IONS
Of the regional myocardial deformation parameters
derived from speckle tracking echocardiography,
only PSS-related parameters demonstrated isch-
emic memory based on their persistency after relief
from brief ischemia. By contrast, the abnormality of
the regional diastolic parameter SRe did not convey
ischemic memory.
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